
J Physiol 590.11 (2012) pp 2751–2765 2751

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

Supplementation of a suboptimal protein dose with
leucine or essential amino acids: effects on myofibrillar
protein synthesis at rest and following resistance
exercise in men

Tyler A. Churchward-Venne1, Nicholas A. Burd1, Cameron J. Mitchell1, Daniel W. D. West1, Andrew Philp3,
George R. Marcotte1, Steven K. Baker2, Keith Baar3 and Stuart M. Phillips1

Exercise Metabolism Research Group, Departments of 1Kinesiology and 2Neurology, McMaster University, Hamilton, Ontario, Canada
3Functional Molecular Biology Lab, Neurobiology, Physiology and Behavior, University of California Davis, Davis, CA, USA

Key points

• Essential amino acids (EAAs) stimulate increased rates of myofibrillar protein synthesis (MPS).
• Leucine is a key regulator of MPS in rodents; however, its importance relative to the other EAAs

is not clear.
• About 20 g of protein maximally stimulates MPS after resistance exercise in young men, but

we do not know if smaller doses can be made better by adding certain amino acids.
• We report that a suboptimal dose of whey protein (6.25 g) supplemented with either leucine

or a mixture of EAAs without leucine stimulates MPS similar to 25 g of whey protein under
resting conditions; however, only 25 g of whey sustains exercise-induced rates of MPS.

• Adding leucine or a mixture of EAAs without leucine to a suboptimal dose of whey is as effective
as 25 g whey at stimulating fed rates of MPS; however, 25 g of whey is better suited to increase
resistance exercise-induced muscle anabolism.

Abstract Leucine is a nutrient regulator of muscle protein synthesis by activating mTOR and
possibly other proteins in this pathway. The purpose of this study was to examine the role of leucine
in the regulation of human myofibrillar protein synthesis (MPS). Twenty-four males completed
an acute bout of unilateral resistance exercise prior to consuming either: a dose (25 g) of whey
protein (WHEY); 6.25 g whey protein with total leucine equivalent to WHEY (LEU); or 6.25 g
whey protein with total essential amino acids (EAAs) equivalent to WHEY for all EAAs except
leucine (EAA-LEU). Measures of MPS, signalling through mTOR, and amino acid transporter
(AAT) mRNA abundance were made while fasted (FAST), and following feeding under rested
(FED) and post-exercise (EX-FED) conditions. Leucinaemia was equivalent between WHEY and
LEU and elevated compared to EAA-LEU (P = 0.001). MPS was increased above FAST at 1–3 h
post-exercise in both FED (P < 0.001) and EX-FED (P < 0.001) conditions with no treatment
effect. At 3–5 h, only WHEY remained significantly elevated above FAST in EX-FED (WHEY 184%
vs. LEU 55% and EAA-LEU 35%; P = 0.036). AAT mRNA abundance was increased above FAST
after feeding and exercise with no effect of leucinaemia. In summary, a low dose of whey protein
supplemented with leucine or all other essential amino acids was as effective as a complete protein
(WHEY) in stimulating postprandial MPS; however only WHEY was able to sustain increased
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rates of MPS post-exercise and may therefore be most suited to increase exercise-induced muscle
protein accretion.
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Abbreviations 4E-BP1, eukaryotic initiation factor 4E binding protein 1; AAT, amino acid transporter; Akt, protein
kinase B; ATF4, activating transcription factor 4; AUC, area-under-the-curve; BCAA, branch-chain amino acid; CD98,
glycoprotein CD98; ERK 1/2, extracellular signal-regulated kinase 1/2; EAAs, essential amino acid; EAA-LEU, nutritional
treatment consisting of 6.25 g whey protein supplemented with a mixture of essential amino acids but no leucine;
EX-FED, response to combined feeding and resistance exercise; FAST, rested fasted condition; FED, response to feeding;
FSR, fractional synthetic rate; GCN2, general control nonrepressed; LAT1, L-type amino acid transporter type 1; LEU,
nutritional treatment consisting of 6.25 g whey protein supplemented with leucine; MPS, myofibrillar protein synthesis;
mTOR, mammalian target of rapamycin; p38 MAPK, p38 mitogen activated protein kinase; p70S6k, 70 kDa ribosomal
protein S6 kinase 1; PAT1, proton-coupled amino acid transporter type 1; WHEY, nutritional treatment consisting of
25 g whey protein.

Introduction

Ingestion or infusion of amino acids stimulates an increase
in skeletal muscle protein synthesis (Bennet et al. 1989;
Bohe et al. 2001, 2003; Atherton et al. 2010a), an effect
that is enhanced by prior resistance exercise (Tipton et al.
1999a; Wilkinson et al. 2007; Moore et al. 2009a,b; Tang
et al. 2009; West et al. 2009). The essential amino acids
(EAAs) are primarily responsible for this stimulation of
muscle protein synthesis, with no apparent requirement
for the non-essential amino acids (Smith et al. 1998;
Tipton et al. 1999b; Borsheim et al. 2002; Volpi et al.
2003). Several animal studies have demonstrated that
leucine independently stimulates muscle protein synthesis
by activating components of the mammalian target of
rapamycin (mTOR) signalling cascade (Anthony et al.
2000a,b, 2002 ; Bolster et al. 2004; Crozier et al. 2005).
This activation appears critical for both the contraction
(Drummond et al. 2009), and EAA-mediated (Dickinson
et al. 2011) increase in muscle protein synthesis. Thus,
leucine has been investigated as a pharmaconutrient with
the potential to promote increases in muscle protein
synthesis (Koopman et al. 2005, 2006, 2008; Katsanos et al.
2006; Rieu et al. 2006; Tipton et al. 2009; Glynn et al. 2010)
and lean tissue mass (Verhoeven et al. 2009; Leenders
et al. 2011). Nonetheless, while some studies indicate a
role for leucine in the regulation of human muscle protein
synthesis (Smith et al. 1992; Katsanos et al. 2006; Rieu
et al. 2006), other studies have not found an enhanced
rate of muscle protein synthesis following leucine infusion
(Nair et al. 1992), after increasing the amount of leucine
within a mixed EAA solution (Glynn et al. 2010), or by the
addition of free leucine to a protein containing supplement
(Koopman et al. 2008; Tipton et al. 2009).

There is a dose-dependent relationship between amino
acid (Bohe et al. 2003; Cuthbertson et al. 2005) and
protein (Moore et al. 2009a) provision and muscle
protein synthesis. We previously reported that ∼20 g

of isolated egg protein (containing ∼8.6 g EAAs and
∼1.7 g leucine) stimulated muscle protein synthesis after
resistance exercise above that observed with both 5 g
and 10 g of protein but was not further stimulated with
ingestion of 40 g of protein, indicating that 20 g of egg
protein is saturating for muscle protein synthesis after
resistance exercise (Moore et al. 2009a). These data are
consistent with previous reports of a dose-dependent
relationship between EAA ingestion and myofibrillar
protein synthesis (MPS) up to a maximal stimulation at
∼10 g EAAs (containing ∼2.1 g leucine; Cuthbertson et al.
2005). These dose–response data may provide insight into
why other studies (Koopman et al. 2008; Tipton et al. 2009;
Glynn et al. 2010) did not report a benefit of additional
leucine on muscle protein synthesis when a sufficient
amount of EAAs and/or leucine is provided.

Given what we know about the ingested protein
dose–response of muscle protein synthesis (Bohe et al.
2003; Cuthbertson et al. 2005; Moore et al. 2009a), the
aim of the present investigation was to examine the
effects of supplementing a ‘suboptimal’ dose of whey
protein (6.25 g whey containing ∼0.75 g of leucine) with
additional leucine (LEU), or a mixture of EAAs with no
leucine (EAA-LEU) on MPS at rest and following acute
resistance exercise compared to a dose (25 g containing
∼3.0 g of leucine) of whey protein (WHEY) which is
sufficient to induce a maximal stimulation of muscle
protein synthesis after resistance exercise (Moore et al.
2009a). The suboptimal protein dose (6.25 g) was chosen
to represent one-quarter of the 25 g dose in the WHEY
treatment. We hypothesized that LEU would result in a
stimulation of MPS equivalent to WHEY in both feeding
(FED) and combined feeding and resistance exercise
(EX-FED) conditions. Alternatively, we hypothesized that
EAA-LEU would result in an increase in MPS in both
the FED and EX-FED conditions, but the response would
be significantly less than both LEU and WHEY due to
the lower leucine content. In an attempt to gain insight
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into the mechanistic underpinnings of the response of
MPS, we also examined changes in the phosphorylation
status of protein targets of the Akt-mTOR pathway and in
the mRNA abundance of select amino acid transporters
(AATs) that have recently been shown to be regulated by
EAAs (Drummond et al. 2010) and resistance exercise
(Drummond et al. 2011).

Methods

Participants and ethical approval

Twenty-four recreationally active, young adult male
participants (22 ± 0.6 years; 1.80 ± 0.02 m; 76.4 ± 2.0 kg;
BMI 24.3 ± 0.6 kg m−2) voluntarily agreed to participate
in the study. Participants were deemed healthy based on
responses to a routine health screening questionnaire.
Each participant was informed of the purpose of the
study, the associated experimental procedures, and any
potential risks prior to providing written consent. The
study was approved by the Hamilton Health Sciences
Research Ethics Board and conformed to the standards
for the use of human subjects in research as outlined in
the most recent update of the Declaration of Helsinki. The
study also conformed to the standards established by the
Canadian Tri-Council Policy on the ethical use of human
subjects (2010).

Experimental design

Approximately 1–2 weeks prior to participating in the
experimental infusion trial, study participants under-
went unilateral strength testing of the knee-extensor
muscles. Participants performed a 10 repetition maximum
(10-RM) test of both standard seated knee-extension
(Atlantis Precision Series C-105) and seated leg
press (Maxam Strength, Hamilton, Ontario, Canada)
exercise with their dominant leg. In addition, each
participant underwent a whole-body dual-energy X-ray
absorptiometry scan (QDR-4500A; Hologic; software
version 12.31) to measure body composition. The study
participants physical characteristics are shown in Table 1.
Participants were assigned to one of three post-exercise
nutritional treatment groups (described below) that were
counter-balanced for bodyweight.

Study participants were provided with a pre-packaged
standardized diet that was consumed the day prior to the
experimental infusion trial. Diets were designed to provide
sufficient energy to maintain energy balance as determined
by the Harris–Benedict equation and were adjusted
using a moderate activity factor (1.4–1.6) to account
for participants reported physical activity patterns. The
macronutrient distribution was 55% carbohydrates, 30%
lipids, and 15% protein. The study participants were told
to refrain from physical exercise for 72 h prior to the

experimental infusion trial and to consume their evening
meal no later than 22.00 h.

Infusion protocol

Participants reported to the lab at ∼06.00 h on the
morning of the experimental infusion trial in an over-
night postabsorptive state. A catheter was inserted into
an antecubital vein and a baseline blood sample was
taken before initiating a 0.9% saline drip to keep the
catheter patent to allow for repeated arterialized blood
sampling over the course of the experimental trial.
Arterialized blood samples (Copeland et al. 1992) were
obtained repeatedly over the course of the infusion trial
by wrapping a heating blanket around the forearm. Blood
samples were collected into 4 ml heparinized evacuated
tubes and chilled on ice. A second catheter was placed in
the antecubital vein of the opposite arm before initiating
a primed continuous infusion (0.05 μmol kg−1 min−1;
2.0 μmol kg−1 prime) of [ring-13C6]phenylalanine
(Cambridge Isotope Laboratories, Woburn, MA, USA).
The infusate was passed through a 0.2 μm filter before
entering the participant’s bloodstream. Our research
group has recently validated a method (Burd et al.
2011) in which the resting (fasted) fractional synthetic
rate (FSR) of MPS is calculated based on the 13C
enrichment of a pre-infusion baseline blood sample
obtained from tracer-naive participants, and a single
biopsy taken following a period of tracer incorporation
(Miller et al. 2005; Mittendorfer et al. 2005; Tang et al.
2009, 2011; West et al. 2009; Burd et al. 2010b). This
method assumes that the 13C enrichment of a mixed
plasma protein fraction reflects the 13C enrichment of
muscle protein (Heys et al. 1990). Thus, the baseline
rate of MPS was calculated using a pre-infusion baseline
blood sample and a single resting skeletal muscle biopsy
sample obtained ∼2.5 h after the onset of the primed
constant infusion. Participants then performed an acute
bout of unilateral resistance exercise consisting of four
sets of 10–12 repetitions of both seated knee-extension
(Atlantis Precision Series C-105) and leg-press (Maxam
Fitness, Hamilton, Ontario, Canada) exercise at ∼95%
of their previously determined 10-RM with an inter-set
rest-interval of 2 min. Immediately following completion
of the resistance exercise, participants were administered
1 of 3 post-exercise nutrient treatments orally in a
single-blinded fashion and bilateral biopsy samples
were obtained at 1, 3, and 5 h post-exercise recovery
from a FED and EX-FED leg. Muscle biopsies were
obtained from the vastus lateralis muscle using a 5 mm
Bergström needle modified for manual suction under
2% xylocaine local anaesthesia. Biopsy samples were
immediately freed from visible blood, fat and connective
tissue, and immediately frozen in liquid nitrogen for
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further analysis as previously described (West et al. 2009;
Burd et al. 2010a). Each biopsy sample was obtained
from a separate incision ∼4–5 cm apart. Each participant
underwent a total of seven skeletal muscle biopsies: four
from the rested leg, and three from the exercised leg.
Specific details of the infusion protocol are outlined in
Fig. 1.

Drink composition

Study participants were administered protein/amino acid
based nutrient solutions in a blinded manner. The amino
acid/protein composition of each of the three nutrient
treatments is outlined in Table 2. Briefly, the three nutrient
treatments were as follows: WHEY, which consisted
of: 25 g whey protein isolate (total leucine = 3.0 g);
LEU: 6.25 g whey protein isolate supplemented with
free-form leucine (total leucine = 3.0 g); EAA-LEU: 6.25 g
whey protein isolate supplemented with free-form EAAs
but without added leucine (total EAAs = to WHEY
for each individual EAAs except leucine which was
0.75 g). The whey protein isolate (biPro, Davisco
Foods, Le Sueur, MN, USA) was independently
tested (Telmark, Matawan, NJ, USA) in triplicate for
content analysis. The free-form essential amino acids
used were as follows: L-leucine, L-isoleucine, L-valine,
L-histidine, L-phenylalanine, L(+)-lysine, L-threonine and
L-methionine (Sigma-Aldrich, St Louis MO, USA). All
nutrient solutions were prepared with 300 ml of water
(see Table 2). To minimize disturbances in isotopic
equilibrium following amino acid ingestion, nutrient
solutions were enriched to 4% with tracer according to
a phenylalanine content of 3.5% in whey protein. Our
research group has recently shown this method to be
valid for maintaining isotopic steady state in both the
plasma free and muscle intracellular free precursor pools
after protein ingestion and resistance exercise (Burd et al.
2011).

Analytical methods

Blood glucose was measured using a blood glucose
meter (OneTouch Ultra 2, Lifescan Inc., Milpitas, CA,

USA). Blood amino acid concentrations were analysed
by high performance liquid chromatography (HPLC)
as described previously (Wilkinson et al. 2007). Plasma
L-[ring-13C6] phenylalanine enrichment was determined
as previously described (Glover et al. 2008). Plasma
insulin concentration was measured using a commercially
available immunoassay kit (ALPCO Diagnostics, Salem,
NH, USA).

Muscle samples (∼40–50 mg) were homogenized on
ice in buffer (10 μl mg−1 25 mM Tris 0.5% v/v Triton
X-100 and protease/phosphatase inhibitor cocktail
tablets (Complete Protease Inhibitor Mini-Tabs, Roche,
Indianapolis, IN, USA; PhosSTOP, Roche Applied
Science, Mannhein, Germany)). Samples were then
centrifuged at 15,000 g for 10 min 4◦C. The super-
natant was removed and protein concentrations were
determined via the Bradford Assay. The pellet containing
the myofibrillar proteins was stored at −80◦C until future
processing. Working samples of equal concentration
were prepared in Laemmli buffer (Laemmli, 1970).
Equal amounts (20 μg) of protein were loaded onto
10% or 15% SDS-polyacrylamide gels for separation by
electrophoresis. Proteins were then transferred to a poly-
vinylidene fluoride membrane, blocked (5% skim milk)
and incubated overnight at 4◦C in primary antibody:
phospho-AktSer473 (1:1000, Cell Signaling Technology,
no. 9271) phospho-mTORSer2448 (1:1000, Cell Signaling
Technology, no. 2971) phospho-p70S6kThr389 (1:500,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA; no. 11759), phospho-4E-BP1Thr37/46 (1:1000, Cell
Signaling Technology, no. 9459), phospho-Erk1/2Tyr202/204

(1:1000, Cell Signaling Technology, no. 9101), and
phospho-p38Thr180/Tyr182 (1:1000, Cell Signaling
Technology, no. 9215). Membranes were then washed
and incubated in secondary antibody (1 h at room
temperature) before detection with chemiluminescence
(SuperSignalWest Dura Extended Duration Substrate,
ThermoScientific, no. 34075) on a FluorChem SP
Imaging system (Alpha Innotech, Santa Clara, CA,
USA). Phosphorylation status was expressed relative to
α-tubulin abundance (1:2000, Sigma-Alderich no. T6074)
and is presented for each protein as a fold-change from
rested fasted conditions (FAST). Images were quantified

Figure 1. Schematic diagram of the
experimental protocol
Study participants consumed either EAA-LEU,
LEU, or WHEY (see Methods) in single-blinded
fashion (n = 8 per treatment group)
immediately following resistance exercise.
Exercise consisted of 4 sets each of unilateral
seated knee extension and leg press. Asterisk
indicates blood sample; single upward arrow
indicates unilateral biopsy; double upward
arrow indicates bilateral biopsy.
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by spot densitometry using ImageJ software (National
Institute of Health, USA).

RNA was isolated from muscle using the
phenol/chloroform method as previously described
(Philp et al. 2010). RNA was quantified using an
Epoch Multi-Volume Spectrophotometer (BioTek,
Winooski, VT, USA) at 260 and 280 nm. Firststrand
cDNA was synthesized on a Thermo Hybaid cycler
(Thermo Scientific) from 1 μg of RNA using the reverse
transcription system (Promega, Southampton, UK)
according to the manufacturer’s instructions.

Quantitative real-time PCR was performed to measure
relative mRNA expression using an Eppendorf Light
Cycler PCR machine, SYBR Green PCR plus reagents
(Sigma-Aldrich), and previously published primers for
LAT1, CD98, PAT1, GCN2 and ATF4 (Drummond et al.
2010, 2011). Ten-microlitre PCR reactions were assayed
in triplicate on a 96-well heat-sealed PCR plate (Thermo
Fisher Scientific). Each reaction contained 5 μl of SYBR
Green Taq, 1 μl of forward and reverse primers, and
3 μl of cDNA (1:10 dilution). Target gene expression
was calculated relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and expressed normalized to
basal (FAST) values. Absolute cycle threshold (CT) for
GAPDH was unchanged by any of the treatments (data not
shown).

Muscle biopsy samples were processed as pre-
viously described (Moore et al. 2009b). Briefly, to
determine the intracellular enrichment, ∼20–25 mg of
muscle was homogenized in 0.6 M perchloric acid.
Free amino acids in the resulting supernatant fluid
were then passed over an ion-exchange resin (Dowex
50WX8–200 resin Sigma-Aldrich) and converted to
their heptafluorobutyric derivatives for analysis via gas
chromatography–mass spectrometry (models 6890 GC
and 5973 MS; Hewlett-Packard) by monitoring ions 316
and 322 after electron ionization. To determine muscle
free intracellular amino acid concentrations, samples were
processed as previously described (Wilkinson et al. 2007).
Briefly, muscle samples were derivatized and analysed
by HPLC (HPLC: Waters model 2695; column: Waters
Nova-Pak C18, 4 μm; detector: Waters 474 scanning
fluorescence detector). This method achieved separation
of 19 of the 20 physiological amino acids, with the
exception of tryptophan (not included in the analysis).
To determine myofibrillar protein-bound enrichments, a
separate piece (∼40–50 mg) of muscle was homogenized
in a standard buffer containing protease and phosphatase
inhibitors as described above under ‘Immunoblotting’.
The supernatant fluid was collected for Western blot
analysis as described above, and the pellet was further
processed to extract myofibrillar proteins as previously
described (Moore et al. 2009b). The resulting myofibrillar
‘enriched’ protein pellet was hydrolysed in 6 M HCl at
110◦C overnight. Subsequently, the free amino acids

were purified using ion-exchange chromatography and
converted to their N-acetyl-n-propyl ester derivatives for
analysis by gas chromatography combustion isotope ratio
mass spectrometry (GC-C-IRMS: Hewlett Packard 6890;
IRMS model Delta Plus XP, Thermo Finnagan, Waltham,
MA USA).

Calculations

The fractional synthetic rate (FSR) of MPS was calculated
using the standard precursor-product equation:

FSR = [(E 2b − E 1b)/(E IC × t)] × 100

where Eb is the enrichment of bound (myofibrillar)
protein, EIC is the average enrichment of the intracellular
free amino acid precursor pool of two muscle biopsies, and
t is the tracer incorporation time in hours. The utilization
of ‘tracer naive’ subjects allowed us to use a pre-infusion
blood sample (i.e. a mixed plasma protein fraction) as the
baseline enrichment (E1b) for calculation of resting (i.e.
fasted) FSR (Miller et al. 2005; Mittendorfer et al. 2005;
Tang et al. 2009). This approach is based on the fact that the
‘natural’ 13C enrichment (δ13CPDB) in blood is the same as
that of muscle protein; an assumption recently confirmed
by our research group (West et al. 2009) and others (Heys
et al. 1990).

Statistics

Anthropometric measures and strength tests were
compared using a one-factor (treatment) ANOVA. Blood
amino acids (leucine, branch-chain amino acids (BCAAs),
EAAs, total amino acids), plasma insulin and blood
glucose were analysed using a two-factor (treatment ×
time) repeated measures ANOVA. Blood leucine AUC was
analysed using a one-factor (treatment) ANOVA. Plasma
enrichments were analysed using a two-factor (treatment
× time) repeated measures ANOVA and linear regression.
Intracellular precursor pool enrichments were analysed
using a two-factor (treatment × time) repeated measures
ANOVA for each condition (i.e. FED and EX-FED),
a two-factor ANOVA (treatment × condition) at each
time point (1, 3 and 5 h), and linear regression. Intra-
cellular amino acids, protein phosphorylation, mRNA
expression, and myofibrillar FSR were analysed using a
two-factor (treatment × time) repeated measures ANOVA
for each condition and a two-factor ANOVA (treatment
× condition) at each time point. Protein phosphorylation
and mRNA abundance are expressed as fold-change from
FAST. Tukey’s post hoc analysis was performed whenever a
significant F ratio was found to isolate specific differences.
Statistical analyses were performed using SigmaStat 3.1
software (Systat Software Inc., Point Richmond, CA, USA).
Values are expressed as means ± standard error of the
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Table 1. Participants’ characteristics

WHEY LEU EAA-LEU

Age (years) 22.1 (0.8) 21.5 (1.1) 22.5 (1.3)
Height (m) 1.8 (0.02) 1.8 (0.02) 1.8 (0.02)
Weight (kg) 77.3 (3.9) 76.5 (3.9) 75.4 (2.7)
BMI (kg m−2) 25.0 (1.2) 24.2 (1.2) 23.8 (0.7)
Fat-free mass (kg) 63.2 (2.9) 64.6 (3.8) 63.4 (2.4)
Body fat (%) 17.9 (2.2) 16.1 (2.4) 16.5 (1.2)

Values are mean ± SEM (n = 8 per treatment group).

mean (SEM), and means were considered to be statistically
different for P values < 0.05.

Results

Participant characteristics

Participant characteristics are shown in Table 1. There
were no differences between treatment groups for any
anthropometric variable measured.

Exercise variables

There were no differences between treatment groups for
participant’s unilateral 10-RM test when measured for
seated leg-press (P = 0.68) or knee extension exercise
(P = 0.78). Further, the exercise volume, defined as the
product of exercise load (kg) and repetitions (i.e. load ×
repetitions) was not different per set between treatment
groups for either seated leg press (P = 0.78) or knee
extension exercise (P = 0.78; data not shown).

Blood glucose, plasma insulin and blood amino acid
concentrations

Baseline blood glucose averaged 5.3 ± 0.1 mmol l−1 in
each treatment group, and did not differ between
treatment groups (P = 0.81). Plasma insulin
concentration peaked at 40 min post-treatment
administration in all treatment groups before declining.
However, insulin concentration following WHEY
remained elevated above LEU at 1 h, and both LEU and
EAA-LEU at 2 h post-treatment (see Fig. 1 in the online
Supplemental Material).

Blood leucine concentrations showed a large but trans-
ient increase following LEU as compared to WHEY, with
WHEY demonstrating a more moderate but sustained
increase (Fig. 2A). In brief, LEU was significantly increased
above WHEY at 40 and 60 min, while WHEY was
elevated above LEU at 80, 100 and 120 min post-treatment
administration. Despite these differences, area under the
leucine curve was not different between LEU and WHEY;

Table 2. Total and essential amino acid content of the
nutritional treatments

Nutritional treatment

WHEY LEU EAA-LEU

Alanine (g) 1.15 0.29 0.29
Arginine (g) 0.53 0.13 0.13
Aspartic acid (g) 2.80 0.70 0.70
Cystine (g) 0.78 0.19 0.19
Glutamic acid (g) 4.10 1.03 1.03
Glycine (g) 0.43 0.11 0.11
Proline (g) 1.05 0.26 0.26
Serine (g) 0.63 0.16 0.16
Tyrosine (g) 0.88 0.22 0.22
Tryptophan (g) 0.68 0.17 0.17
Histidine (g)∗ 0.55 0.14 0.55
Isoleucine (g)∗ 1.35 0.34 1.35
Leucine (g)∗ 3.00 3.00 0.75
Lysine (g)∗ 2.70 0.68 2.70
Methionine (g)∗ 0.58 0.14 0.58
Phenylalanine (g)∗ 0.88 0.22 0.88
Threonine (g)∗ 1.10 0.28 1.10
Valine (g)∗ 1.38 0.34 1.38
Total (g) 24.57 8.40 12.55
�EAAs (g) 11.54 5.14 9.29
�NEAAs (g) 13.03 3.26 3.26

∗Content included as an essential amino acid (EAA). NEAA,
non-essential amino acid.

however, both treatments were significantly greater than
EAA-LEU (P = 0.001 Fig. 2A inset).

Blood BCAAs increased after treatment administration,
peaking at ∼1 h for LEU and EAA-LEU. WHEY was
significantly increased above LEU and EAA-LEU from
80 to 120 min, and LEU at 160 min after ingestion
(Fig. 2B). Blood EAAs (including leucine) showed a
similar interaction (treatment × time) effect (P < 0.001)
with WHEY being elevated above LEU and EAA-LEU
from 80 to 120 min and LEU at 160 min post-treatment
administration (Fig. 2C). Blood total amino acid showed a
significant interaction (P < 0.001) effect such that WHEY
was significantly increased above LEU and EAA-LEU from
80 to 120 min post-treatment administration (Fig. 2D).

Plasma and intracellular free phenylalanine
enrichments

Plasma free phenylalanine enrichments were not different
between treatments (P = 0.66) and were stable across
time (P = 0.34). The slope of plasma free phenylalanine
enrichment by time was also not different from zero in
any treatment group (EAA-LEU P = 0.95; LEU P = 0.11;
WHEY P = 0.40) (see Supplemental Fig. 2). Similarly,
intracellular free phenylalanine enrichments were not
different between treatments and were stable across time
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in both FED (time, P = 0.92; treatment, P = 0.90) and
EX-FED (time, P = 0.30; treatment P = 0.88) conditions
when measured at 1, 3 and 5 h post-exercise. Further there
were no differences between conditions at 1 h (P = 0.90),
3 h (P = 0.42), or 5 (P = 0.98). The slope of intracellular
free phenylalanine enrichment by time in both FED and
EX-FED conditions was also not different from zero in
any treatment group, indicating measurements were made
at an isotopic plateau (EAA-LEU FED P = 0.77, EX-FED
P = 0.41; LEU FED P = 0.84, EX-FED P = 0.68; WHEY
FED P = 0.56, EX-FED P = 0.84; see Supplemental Fig. 3).

Myofibrillar protein synthesis

FED rates of MPS were increased above FAST when
measured 1–3 h post-exercise recovery (P < 0.001; EAA-
LEU = 0.063 ± 0.008; LEU = 0.068 ± 0.006; WHEY =
0.061 ± 0.009). By 3–5 h post-exercise recovery, FED rates
of MPS had returned to values not different from FAST,
with no differences between treatment groups at any time
point (P = 0.74) (Fig. 3A). Similarly, EX-FED rates of

MPS were increased above FAST over 1–3 h post-exercise
recovery (P = 0.001; EAA-LEU = 0.069 ± 0.012; LEU =
0.068 ± 0.014; WHEY = 0.064 ± 0.007). However, the
rates of MPS remained increased above FAST at
3–5 h exercise recovery only after ingestion of WHEY
versus LEU and EAA-LEU (EAA-LEU = 0.050 ± 0.005;
LEU = 0.048 ± 0.012; WHEY = 0.088 ± 0.010; Fig. 3B).

Intracellular amino acids

Intracellular leucine concentration was increased above
FAST at 1 h post-exercise recovery in LEU and WHEY;
however the increase in LEU was significantly greater than
both WHEY and EAA-LEU (Fig. 4A). A similar response
was observed in the EX-FED condition (P < 0.001);
however, intracellular leucine concentrations in EAA-LEU
decreased below basal levels at 3 and 5 h post-exercise
recovery and were significantly lower than both LEU
and WHEY at these time points (Fig. 4B). Intracellular
BCAA in the FED condition with EAA-LEU showed

Figure 2. Mean (±SEM) blood concentrations (μmol l−1) of leucine (A), branched chain amino acids
(BCAAs) (B), essential amino acids (EAAs) (C) and total amino acids (D) following EAA-LEU, LEU and
WHEY treatments
Inset shows the area under the curve (AUC). Upward arrow indicates time of treatment administration.
∗Significantly greater than EAA-LEU (P < 0.05); +significantly greater than LEU (P < 0.05); ‡significantly greater
than WHEY (P < 0.05).
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concentrations that were increased above LEU at 3 h,
and both LEU and WHEY at 5 h post-exercise recovery
(Fig. 4C). Similar results were observed in the EX-FED
treatment whereby EAA-LEU showed concentrations that
were increased above LEU and WHEY at both 3- and
5 h post-exercise recovery (P < 0.001) (Fig. 4D). Intra-
cellular EAAs in the FED condition showed a main
effect (P < 0.001) for treatment, with concentrations in
EAA-LEU being greater than both LEU and WHEY
(Fig. 4E). In the EX-FED condition, a main effect of
time (P < 0.001) demonstrated an increase above FAST
at 1 h followed by a decrease below FAST at 5 h
post-exercise recovery, such that at 5 h, the intracellular
EAAs concentration in FED was greater than EX-FED
(P = 0.009) (Fig. 4F).

Figure 3. Mean (±SEM) fractional synthetic rate (FSR) (% h−1)
calculated during FAST, and over both early (1–3 h), and late
(3–5 h) time periods of post-exercise recovery in both FED (A)
and EX-FED (B) conditions after EAA-LEU, LEU and WHEY
treatments
Times with different letters are significantly different from each other
within that treatment and condition. ∗Significantly greater than
EAA-LEU within that time and condition (P < 0.05); +significantly
greater than LEU within that time and condition (P < 0.05);
†significantly greater than FED condition at that time point
(P < 0.05).

Amino acid transporter mRNA expression

The mRNA expression of ATF4 was increased above
FAST in both FED (P < 0.001) and EX-FED (P < 0.001)
conditions at 1, 3 and 5 h post-exercise recovery
(main effect for Time) with no differences between
treatment groups (Supplemental Fig. 4A–B). GCN2
mRNA expression demonstrated a significant (P = 0.004)
interaction effect in the FED condition whereby gene
expression was increased to a greater extent in LEU
vs. EAA-LEU at 3 h and both EAA-LEU and WHEY
at 5 h post-exercise recovery (Supplemental Fig. 4C).
In the EX-FED condition, there was a main effect for
time (P = 0.003) (Supplemental Fig. 4D). There were no
differences between treatments in the mRNA expression
of CD98 (SLC3A2) in either FED or EX-FED conditions;
however the increase at 5 h post-exercise recovery was
significantly greater in EX-FED vs. FED (P = 0.003)
(Fig. 5A and B). Similarly, there were no treatment effects
for the mRNA expression of LAT1 (SLC7A5) in either
FED or EX-FED conditions, however the increase at 5 h
post-exercise was greater in EX-FED vs. FED (P = 0.025)
(Fig. 5C and D). Lastly, there was a main effect (P 0.031)
for treatment when examining changes in the mRNA
expression of PAT1 (SLC36A1) in the EX-FED condition
whereby WHEY was significantly greater (P = 0.031) than
EAA-LEU (Fig. 5E and F).

Muscle signalling

Protein kinase B (p-AktSer473) was increased at 1 h in both
FED (P < 0.001) and EX-FED (P = 0.001) conditions
with no effect of treatment (Fig. 6A and B). Similarly,
p-mTORSer2448 was significantly elevated at 3 h in FED
(P = 0.037) (Fig. 6C), and 1, 3 and 5 h in EX-FED
(P < 0.001) (Fig. 6D). Phosphorylation of p70S6kThr389

showed a significant interaction in both FED (P = 0.008)
and EX-FED (P = 0.013) conditions. In FED, LEU and
WHEY were significantly elevated above EAA-LEU at 3 h
and 5 h (Fig. 6E), while in EX-FED, both LEU and WHEY
were increased above EAA-LEU at 3 h, while LEU was
increased above EAA-LEU at 5 h post-exercise recovery
(Fig. 6F). Phosphorylation of p-4E-BP1Thr37/46 in FED was
increased above FAST at 1 and 3 h post-exercise recovery
(P < 0.001) but returned to basal by 5 h (Supplemental
Fig. 5A). However, in EX-FED phosphorylation was
increased at 1, 3 and 5 h, (P < 0.001) such that at 5 h
the increase in EX-FED was greater than FED (P = 0.001)
(Supplemental Fig. 5B). Lastly, p-extracellular regulated
kinase 1/2Thr202/Tyr204 (Supplemental Fig. 5C and D) and
p-p38Thr180/Tyr182 (Supplemental Fig. 5E and F) MAPK
were unchanged in the FED condition but showed time
dependent increases in the EX-FED condition (ERK,
P = 0.001; p38, P < 0.001) with no effect of treatment.
As such, ERK 1/2 was significantly increased in EX-FED
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vs. FED at 1, 3, and 5 h, while p38 was higher in EX-FED
vs. FED at 1 h post-exercise recovery. See Supplemental
Figure 6 for representative blot images for each protein
target.

Discussion

In this study we report that a dose of whey protein,
previously shown to be less than maximally effective
for stimulating muscle protein synthesis after resistance
exercise (Moore et al. 2009a), supplemented with leucine
(LEU) resulted in an early (1–3 h post-exercise recovery)
increase in both FED and EX-FED rates of MPS equal
to that seen following ingestion of 25 g of whey protein
(WHEY). Contrary to our hypothesis, supplementation
of a low dose of whey protein with a mixture of EAAs
devoid of leucine (EAA-LEU treatment) also resulted in
a robust early stimulation of MPS that was not different
from that achieved after LEU and WHEY. However, despite
similar early responses of MPS, EX-FED rates over 3–5 h
were only sustained following WHEY, whereas EX-FED
rates of MPS in both LEU and EAA-LEU had decreased to
values not significantly different from FAST. Interestingly,
these differences between 3 and 5 h occurred despite blood
amino acid concentrations that had returned to basal levels
in all treatments. In the absence of exercise we did not

see a difference in the rates of MPS between treatments
indicating that signalling events as well as amino acid
supply were all more than adequate to stimulate a full
and robust response that rose and fell within the 4 h
incorporation time period, as we (Moore et al. 2009b)
and others (Atherton et al. 2010a) have shown previously.

Both in vitro (Buse & Reid, 1975) and in vivo (Anthony
et al. 1999, 2000a,b; Crozier et al. 2005; Escobar et al. 2005,
2006) evidence from animals supports a role for leucine as
a nutrient regulator of muscle protein synthesis, capable
of phosphorylating proteins involved in mRNA trans-
lation initiation, primarily through the mTOR signalling
pathway including 4E-BP1, p70S6k and rpS6 (Anthony
et al. 2000b; Suryawan et al. 2008). It is currently unclear
whether MPS is regulated by changes in extracellular (Bohe
et al. 2003), or intracellular (Biolo et al. 1995) EAAs
and/or leucine availability. In rodents, the leucine content
of a meal and the subsequent postprandial leucinaemia
direct the peak activation of muscle protein synthesis such
that feeding proteins containing a higher proportion of
leucine results in a greater plasma leucine concentration
and subsequently, a greater increase in muscle protein
synthesis (Norton et al. 2009). Our current findings do
not support the notion that the postprandial stimulation
of MPS is directly proportional only to the rise in
blood leucine (Rennie et al. 2006; Norton et al. 2009)

Figure 4. Mean (±SEM) intracellular concentrations (μmol l−1) of leucine (A and B), branched chain
amino acids (BCAAs) (C and D) and essential amino acids (EAAs) (E and F) measured during FAST and
at 1, 3 and 5 h post-exercise recovery in both FED and EX-FED conditions following EAA-LEU, LEU and
WHEY treatments
Times with different letters are significantly different from each other within that treatment and condition.
∗Significantly greater than EAA-LEU within that time and condition (P < 0.05); +significantly greater than LEU
within that time and condition (P < 0.05); ‡significantly greater than WHEY within that time and condition
(P < 0.05); †significantly greater than EX-FED condition at that time-point (P < 0.05).
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under rested or post-exercise conditions in young men.
Specifically, we observed pronounced differences in blood
leucine concentration (Fig. 2A) that were apparently of
little consequence to either the FED or EX-FED MPS
response when measured over 1–3 h post-exercise (Fig. 3A
and B). Thus, in humans, peak activation of MPS does
not appear to be driven by leucinaemia. Potentially,
amino acid transport across the sarcolemma (Hundal
& Taylor, 2009) and intracellular amino acid availability
(Biolo et al. 1995) may be important in the regulation of
MPS.

Previous reports have demonstrated that ∼10 g of EAAs
is sufficient to maximally stimulate MPS under both
resting and post-exercise conditions in young healthy
subjects (Cuthbertson et al. 2005; Moore et al. 2009a).
We observed that LEU resulted in an early (1–3 h
post-exercise) stimulation of MPS equal to that of WHEY,
despite containing only ∼45% of the total EAA content
(11.5 g vs. 5.1 g). This suggests that leucine can potently
stimulate MPS; however, we observed a similar rise in
MPS in the EAA-LEU treatment as that seen with LEU
and WHEY despite containing only ∼25% of the leucine
of LEU and WHEY (WHEY = 3.0 g; LEU = 3.0 g; vs.
EAA-LEU = 0.75 g leucine). Thus, we speculate that in
young healthy individuals, the leucine content provided

by ∼6.25 g of whey protein (∼0.75 g) appears to be
sufficient to activate and induce a maximal stimulation
of MPS provided adequate amounts of the other EAAs
are provided (i.e. amounts equivalent to ∼25 g whey
protein or ∼8.5 g EAAs). Alternatively, there may be
other EAAs, in addition to leucine, that can stimulate
MPS. For example, valine, phenylalanine and threonine
have been shown to increase human muscle protein
synthesis when administered as a flooding dose (Smith
et al. 1998). Further, the effect of each individual EAA on
mTORC1 signalling in C2C12 myotubes showed that EAAs
in addition to leucine can enhance both p70S6k and rpS6
phosphorylation (Atherton et al. 2010b), suggesting that
other EAAs in addition to leucine can activate proteinsd
synthetic signalling pathways.

We previously reported that a sustained elevation of
MPS occurs when resistance exercise is followed by the
immediate provision of 25 g of whey protein (Moore
et al. 2009b; West et al. 2011) despite aminoacidaemia
equivalent to basal levels. In agreement with these findings,
WHEY was able to sustain the EX-FED response over
3–5 h post-exercise recovery in the present study while
MPS in both LEU and EAA-LEU had declined to resting
values. These results suggest that the ability of amino acids
to sustain the contraction mediated increase in MPS is

Figure 5. Mean (±SEM) mRNA expression of CD98 (SLC3A2) (A and B), LAT1 (SLC7A5) (C and
D), and PAT1 (SLC36A1) (E and F) (expressed as fold-difference from FAST) at 1, 3 and 5 h
post-exercise recovery in both FED and EX-FED conditions following EAA-LEU, LEU and WHEY treatments
Times with different letters are significantly different from each other within that treatment and condition.
∗Significantly greater than EAA-LEU within that time and condition (P < 0.05); †significantly greater than EX-FED
condition at that time point (P < 0.05).
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not solely dependent on leucine availability as leucine
AUC was matched between LEU and WHEY. However,
WHEY was associated with a protracted aminoacidaemia
as compared to LEU and EAA-LEU (Fig. 2A–D), which
may have acted as a signal to extend the EX-FED response
of MPS. Alternatively, while non-essential amino acids
(NEAAs) are not necessary to ‘turn on’ MPS and/or
direct the magnitude of the response (Smith et al. 1998;
Tipton et al. 1999b; Borsheim et al. 2002; Volpi et al.
2003), there were large differences in the amount of
total NEAAs provided in each treatment (WHEY = 13.0 g;
LEU = 3.3 g; EAAs = 3.3 g). Hence, it is conceivable that
NEAAs may be required to sustain elevated rates of MPS
under conditions of a higher ‘anabolic drive’ stimulated
by resistance exercise compared to feeding alone. Under
such conditions, more NEAAs may be required to serve
as substrates necessary for the synthesis of new muscle
proteins or other functions; further studies are necessary
to examine this hypothesis.

The precise mechanism(s) underpinning the observed
changes in MPS following resistance exercise and amino
acid intake appear to involve activation of the Akt/mTOR
signalling cascade (Anthony et al. 2000b; Cuthbertson
et al. 2005; Atherton et al. 2010a; Dickinson et al. 2011).

We observed an increase in the phosphorylation status
of AktSer473, an upstream regulator of mTOR, at 1 h
post-exercise recovery. Consistent with this finding, we
also observed a significant increase in the phosphorylation
status of mTORSer2448, which was evident earlier and was
sustained for longer in the EX-FED vs. FED condition
(Fig. 6C and D), and both p70S6kThr389 and 4E-BP1Thr37/46,
downstream targets of mTOR involved in translation
initiation. Notably, however, while the phosphorylation
status of p70S6kThr389 was markedly increased above
fasted conditions following both LEU and WHEY, no
changes were observed following EAA-LEU, except at 5 h
EX-FED when MPS was no longer significantly elevated
(Fig. 6E and F). These findings suggest that leucine is
a potent regulator of p70S6kThr389 signalling (Atherton
et al. 2010b; Glynn et al. 2010), and corroborate pre-
vious findings demonstrating that single point-in-time
changes in signalling molecule phosphorylation do not
always reflect changes in dynamic measures of protein
synthesis (Greenhaff et al. 2008; Glynn et al. 2010).

In an attempt to further elucidate how protein/amino
acids and resistance exercise interact to affect MPS
we measured the mRNA abundance of select skeletal
muscle amino acid transporters (AATs) and members

Figure 6. Mean (±SEM) phosphorylation status of AktSer473 (A and B), mTORSer2448 (C and D) and
p70S6kThr389 (E and F) (expressed as fold-difference from FAST) at 1, 3 and 5 h post-exercise recovery
in both FED (top panel) and EX-FED (bottom panel) conditions following EAA-LEU, LEU and WHEY
treatments
Times with different letters are significantly different from eachother within that treatment and condition.
∗Significantly greater than EAA-LEU within that time and condition (P < 0.05); +significantly greater than LEU
within that time and condition (P < 0.05); ‡significantly greater than WHEY within that time and condition
(P < 0.05).
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of the general amino acid control pathway including
general control non-repressed (GCN2) and activating
transcription factor (ATF4). The transcription factor ATF4
has been reported to upregulate AAT (Harding et al.
2003), and can itself be upregulated in response to GCN2
activation (Ameri & Harris, 2008) and anabolic stimuli
such as amino acid and insulin sufficiency (Adams, 2007;
Malmberg & Adams, 2008). In agreement, select AATs
have recently been shown to be upregulated in human
muscle in response to EAA intake (Drummond et al.
2010) and resistance exercise (Drummond et al. 2011).
We observed a large increase in gene expression for
the AAT LAT1 (SLC7A5), PAT1 (SLC36A1), and CD98
(SLC3A2) consistent with previous reports (Drummond
et al. 2010; Drummond et al. 2011), as well as time
dependent increases in ATF4. Thus, the increases in amino
acid and insulin availability may have acted as a signal
to increase ATF4 expression, allowing for the subsequent
upregulation of AAT expression. Our findings further
demonstrate that changes in the mRNA expression of these
transporters are not dependent upon the level of leucine
intake after resistance exercise, and also that combined
feeding and exercise appear to prolong the increase in
gene expression compared to feeding alone (Fig. 5A–B and
C–D). We did not measure changes in protein content
of these transporters following feeding and resistance
exercise, and it remains possible that the nutritional
treatments may have demonstrated a differential response
at the protein level. Further research is needed to elucidate
the functional and physiological significance of changes
in these transporters following EAAs and resistance
exercise.

In conclusion, our model allowed us to address the
specific role of total meal leucine content versus that
of EAAs found in a dose of protein that maximally
stimulates MPS after resistance exercise. We report that
both LEU and EAA-LEU were as effective as WHEY at
stimulating both FED and EX-FED rates of MPS over
1–3 h post-exercise recovery. These findings demonstrate
that while leucine is potent in its ability to stimulate
MPS, only a relatively small amount (0.75 g) is required
to achieve a maximal stimulation of MPS when other
EAAs are provided in larger quantities (∼8.5 g). However,
only WHEY, containing both EAAs and NEAAs, was
able to sustain the elevated rates of MPS 3–5 h after
resistance exercise and therefore may be a better choice
to support resistance exercise induced anabolism. The
increase in the phosphorylation of p70S6kThr389 following
treatment administration was associated with leucine
intake (i.e. increased in WHEY and LEU) but not MPS.
We conclude that supplementing a suboptimal dose of
whey protein (6.25 g) with leucine, or a mixture of EAAs
without leucine, is an effective strategy to stimulate rates
of postprandial MPS comparable to the response elicited
following ingestion of 25 g of whey protein, and suggest

that only a small amount (∼0.75 g) of leucine is required to
stimulate MPS in young healthy individuals when ample
amounts of other EAAs are provided. These findings may
have important implications for individuals unable to
tolerate a full protein meal.
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